1. Isolated kidney cortex tubules prepared from fed rats and incubated with near-physiological concentrations of f14Cllactate decrease the specific radioactivity of the added lactate. This effect may be attributable to at least two mechanisms; formation of lactate from endogenous precursors, or entry of unlabelled carbon into the lactate pool as a result of substrate cycling, via phosphoenolpyruvate, pyruvate and oxaloacetate, together with equilibration of the oxaloacetate pool with malate and fumarate. Such substrate cycling could occur within a single cell, or between two populations of different cells, one glycolytic and the other gluconeogenic. These possibilities have been investigated by using metabolic inhibitors or alternative metabolic substrates. 2. Tubules from fed rats produced a fall in specific radioactivity of-14.4% when incubated for 40min with 2mM-lactate alone. A mathematical treatment of this result is presented, which allows the rate of fall in specific radioactivity to be expressed as the addition of unlabelled lactate to the pool. This corresponds to a rate of formation of unlabelled lactate of 121 + 22,umol/h per g dry wt., a rate close to that of gluconeogenesis. In tubules from fasted rats, there was no reduction of the specific radioactivity of lactate, indicating that fasting for 24 h suppresses production of unlabelled-lactate carbon. 3. Addition of 2 mM-fumarate resulted in a significantly greater decrease in the specific radioactivity of lactate, but aspartate (2 mM), malate (2 mM) and glucose (5mM) were without effect. Total inhibition of gluconeogenesis with 3-mercaptopicolinate did not prevent the fall in specific radioactivity of lactate observed in tubules from fed-rat kidney, thereby excluding significant activity of the substrate cycle pyruvate-.oxaloacetate--phosphoenolpyruvate--pyruvate. 4. The capacity of pyruvate kinase under the test conditions in tubules prepared from kidneys of fed or starved rats was at least ten times higher than the observed rate of production of lactate, so that failure to observe recycling of lactate in starved-rat tubules indicates suppression of pyruvate kinase activity. 5. The endogenous glycogen and glucose content of isolated renal cortex tubules is too low to account for the dilution of label of lactate. Endogenous concentrations of glycerol and amino acids were also very low. As for glycogen, the possibility that very rapid turnover of these metabolites, in fed rats but not in starved rats, may account for formation of unlabelled lactate cannot be excluded. 6. It is concluded that substrate cycling via phosphoenolpyruvate does not occur to any significant extent in either fed or starved-rat kidney. In fed rats recycling of lactate carbon does occur and the rate of this reaction is similar to the rate of gluconeogenesis at physiological concentrations of lactate. The present results favour participation of oxaloacetate decarboxylase rather than 'malic' enzyme in this cycle.
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The main fates of added lactate in renal cortex are via lactic dehydrogenase. Quantitative determinaconversion to glucose or oxidation to CO2 and tion of the rates of both gluconeogenesis and lactate water. It should be emphasized that lactate itself has oxidation conventionally depends upon the measureno other fate than to form pyruvate. The presumption ment of differences between initial and final con- added. This simple approach takes no account of the possible existence of glycolysis in the tissue under investigation; glycolysis may continuously remove glucose that is formed and lead to an underestimate of the rate of glucose synthesis. This possibility must be considered in the kidney cortex in particular because of the heterogeneity of cell types, some of which contain predominantly glycolytic enzymes (Guder & Schmidt, 1975 Newsholme (1976) , may be of significance in metabolic regulation, although it is wasteful of ATP.
A high rate of substrate cycling would result in an underestimate of the rate of lactate utilization in kidney cortex. The existence of glycolytic and gluconeogenic enzymes in kidney cortex is well established. The micro-dissection studies by Guder & Schmidt (1975) indicate that the two pathways may be separated in space, since hexokinase and pyruvate kinase, enzymes of glycolysis, occur in different cell types from those which contain the key gluconeogenic enzyme, phosphoenolpyruvate carboxykinase. The measured rate of lactate production from glucose in kidney cortex is only 100/o of the rate of gluconeogenesis from lactate (Krebs et al., 1963; Newsholme & Underwood, 1967) . Nevertheless, pyruvate kinase is about five times as active in proximal-tubular cells of the kidney as is phosphoenolpyruvate carboxykinase (Guder & Schmidt, 1975) . Hence the possibility of substrate cycling at the level of pyruvate, oxaloacetate and phosphoenolpyruvate exists. Rognstad & Katz (1972) suggested that, at initial pyruvate concentrations of 10mM or more, up to 70% of the carbon derived from pyruvate might be recycled in this way. These studies were performed over the course of 2h, with high initial concentrations of pyruvate, and it is probable that all of the pyruvate was consumed during this prolonged incubation. Rognstad & Katz (1972) also suggested that the rate of recycling might be considerably less when lactate was the substrate. Saggerson (1978) using similarly high concentrations of pyruvate concluded that about 25% of the pyruvate carbon was recycled in renal tubules.
One function of the recycling of pyruvate carbon is the so-called 'futile cycle', which may be involved in the regulation of both gluconeogenesis and glycolysis. Another quite different role for such a cycle might be in the complete oxidation of substrates entering the tricarboxylic acid cycle. Thus carbon entering at oxaloacetate would only be oxidized to CO2 if it was first converted to phosphoenolpyruvate and then to pyruvate. This idea arose from the view that the direct conversion of oxaloacetate to pyruvate, and hence to acetylCoA, would not occur at a significant rate under physiological conditions. The present study was undertaken to re-examine the existence of substrate cycling in kidney.
Isolated kidney tubules were incubated with a near-physiological concentration of sodium L-lactate to which was added a quantity of IU-'4Cl-lactate. The specific radioactivity of the lactate was determined initially, and again after timed incubations. The specific radioactivity of lactate may fall by a number of mechanisms: lactate may be formed from endogenous precursors, such as glycogen, glycerol or amino acids; two distinct cell populations may be present in kidney tubules, one carrying out glycolysis and the other gluconeogenesis, or recycling of lactate carbon may occur, by some route. In the last case a fall in specific radioactivity may be expected, because any extra lactate formed during continuous removal of labelled lactate will be unlabelled to the extent that carbon atoms may randomize in the oxaloacetate molecule. This randomization is in turn brought about by the formation of fumarate and malate (see Fig. 1 ).
The primary aim of this study was to establish whether or not at near-physiological concentrations, there is a loss of label from lactate by any route.
Lactate formed by cycling through phosphoenolpyruvate may be expected to have i of its initial specific activity after a single pass, if tricarboxylicacid-cycle activity is ignored. Since the tricarboxylic acid cycle turns at about twice the rate of gluconeogenesis in fed rats (Vinay et al., 1978) and since significant oxidation of lactate occurs in kidney tubules, the oxaloacetate pool will be more highly labelled than predicted from pyruvate carboxylase activity alone. This will decrease the rate of entry of unlabelled carbon to the lactate pool, but not its final extent. Any such effect of labelling of tricarboxylicacid-cycle intermediates will be decreased by adding unlabelled oxidizable substrates, such as oleate, in the presence of radioactive lactate (Weidemann & Krebs, 1969) . This method of determining substrate cycling is relatively insensitive but has two advantages over the methods applied by Rognstad & Katz (1972) and Saggerson (1978) . Cycling 
Preparation ofrenal tubules
Isolated renal tubules were prepared from the kidneys of two rats for each experiment, using a modification of the method described by Guder et al. (1971) (see Tange et al., 1977 , for details). Between 7 and 15mg dry wt. of tubules were suspended in 1 ml of Krebs-Henseleit saline (Krebs & Henseleit, 1932) . Incubation was carried out in sealed 25-mi siliconized conical flasks to which were added 0.5 ml of tubule suspension, 0.5 ml of 10% (w/v) poly-(vinylpyrrolidone) (mol.wt. 24 500), substrates and additions in a final volume of 2.0ml of KrebsHenseleit saline. Substrates were added from neutralized stock solutions of 0.2M-concentration and the flask was gassed with 02/C02 (19: 1, V/V) to give a final pH of 7.4. In preliminary experiments it was shown that rates of glucose synthesis and lactate utilization were identical when poly(vinylpyrrolidone) was substituted for the bovine serum albumin (fraction V) used previously (Guder et al., 1971 (Guder & Wieland, 1972) . All incubations were carried out in duplicate and duplicate determinations of the specific radioactivity of lactate and glucose were made on each sample.
Analytical procedures Lactate, pyruvate, glucose, malate, fumarate and aspartate were measured on HC404-extracts of the incubation mixtures that had been neutralized with KOH. Standard enzymatic assays were used, as described by Bergmeyer (1974) .
To separate lactate and glucose, portions of the neutralized extracts were applied to a column (20 cm x 1 cm) of Dowex 1 (formate form) and were eluted with a linear gradient of formic acid (Busch et al., 1952) . The positions of the radioactive peaks were determined with a continuous-flow scintillation counter and the fractions corresponding to glucose and lactate peaks were collected. After neutralizing the pooled fractions with NaOH, glucose and lactate were determined by using enzymatic methods (Bergmeyer, 1974 ) using an Aminco DW 2 spectrophotometer. Radioactivity of the samples was determined by counting 0.4-ml portions in 10 ml of scintillation fluid, which consisted of 5.5 g of Permablend (Packard Instruments), 60 g of naphthalene, 400ml of 2-methoxyethanol and 600ml of toluene. Specific radioactivity was determined and expressed as c.p.m./,umol.
Chemicals
Enzymes and coenzymes were obtained from the Boehringer Corp. Hyaluronidase was from Miles, and all other chemicals were reagent grade. Radioactive rU-'4Cllactate was obtained from The Radiochemical Centre, Amersham. Enzyme assays and mitochondrial preparation Pyruvate kinase was determined in homogenates prepared from isolated tubules. Other enzyme assays were performed on whole kidney-cortex homogenates or on mitochondrial and cytosolic components of the homogenates. The mitochondrial preparation followed the method of Myers & Slater (1957) , using two-step centrifugation in 0.25 Msucrose. Oxaloacetate decarboxylase was assayed according to Wojtczak & Walatys (1974) ; malic enzyme (Hsu & Lardy, 1969) , malic dehydrogenase (Bergmeyer, 1974, p. 485); glutamate dehydrogenase (Schmidt, 1974) and fumarase (Bergmeyer, 1974, p. 452) were assayed in the same extracts.
The determination of pyruvate kinase followed the method of Carbonell et al. (1973) . Kidney tubules were prepared as usual from fed or fasted rats and were homogenized in 3ml of 0.25M-sucrose. The supernatant obtained after centrifuging for 1h at 20000g at 4°C was fractionated using 0-50% and 50-70%o saturated (NH4)2SO4. The pellets were redissolved in 25mM-Tris/HCI buffer, pH7.0, containing 0.1 mM-EDTA and 1 mM-dithioerythritol. The 0-500/o fraction contained the L-type pyruvate kinase and the 50-75% fraction contained the A-type (Carbonell et al., 1973) . The L-type is the allosteric form of pyruvate kinase, which in kidney represents only a small fraction of the total enzyme. Changes in this fraction in particular might be expected to influence the rate of substrate cycling (Rognstad, 1976) .
Expression of results and determination of rate of lactate production Rates of metabolic change are expressed as pmol of metabolite/h per g dry wt. of tubules, determined from initial and final concentrations of lactate or glucose in the incubation mixture.
Most of the results in this study are concerned with the change in specific radioactivity of lactate. Unlabelled lactate enters the pool of labelled lactate, from which lactate is continuously drawn by gluconeogenesis and complete oxidation. This makes a mathematical treatment necessary to evaluate the true rate of entry of unlabelled lactate into that pool. This figure, given as three-carbon units of unlabelled lactate, rather than as single carbon atoms, is the maximum rate of recycling of lactate. The lower limit of detection, based on the measurable fall in specific radioactivity of lactate, is therefore equivalent to 15,umol of lactate formed/h per g dry wt. of kidney, a recycling rate of 8% of the rate of glucose synthesis.
The rate of entry (if) of unlabelled lactate into the pool can be calculated for each experiment from eqns. (1) and (2) 
Definitions, and derivation ofeqns. (1) and (2) Tables 3 and 4 as *P < 0.05 and **P < 0.005.
Results
Glucose production from lactate in isolated kidnev tubules
The object of preliminary experiments was to establish conditions in which rates of lactate metabolism and glucose synthesis were linear at the lowest concentrations of lactate, and to avoid exhausting all of the added substrate(s).
Glucose formation from lactate by isolated kidney tubules was linear for up to 60min, at substrate concentrations of 5 mm and above.
At 1 mM-lactate, glucose formation occurred at a lower rate, and ceased after 40 min of incubation when the concentration of lactate had fallen to 0.2 mm or below. With an initial concentration of lactate of 2 mm, the rate of glucose synthesis was somewhat lower than at 10mM (Table 1) but was approximately linear for 40min, at which time the lactate concentration had fallen to about half the initial value. Subsequent studies were performed with 2 mM-lactate because the substrate concentrations at the start and finish of the incubation were not very different from those observed in blood under physiological conditions. In both fed and starved rats the rate of lactate removal was about five times the rate of glucose synthesis (see Table 1 ). The accumulation of pyruvate never exceeded 1% of the lactate removed. From earlier studies it may be assumed that the lactate removed in excess of twice the glucose formed, is completely oxidized (Krebs et al., 1965) .
Dilution ofradioactive lactate by kidney tubules
During 40min of incubation with 2 mM-[U-'4C1-lactate, lactate was removed at the rate of 621,umol/ h per g dry wt. of kidney (see Table 2 ). During the same period the specific radioactivity of the remaining lactate pool fell from 80 500 c.p.m./pmol to 58400c.p.m./,umol. Calculations show that the fall in the specific radioactivity is equal to a rate of Addition of 5 mM-glucose, which would, by glycolysis to lactate, be expected to enhance the dilution of specific radioactivity of lactate, had no effect (Table 3) ; the fall in lactate specific radioactivity was 17.3%, and the calculated rate of formation of unlabelled lactate, 146+26 (S.E.M., n = 4) ,umol/h per g dry wt., was not significantly different from that formed when lactate alone was present. No net utilization of glucose could be Vol. 190 measured in these experiments, because of the high initial glucose concentration. In other experiments, Newsholme & Underwood (1967) have shown a rate of glucose removal by kidney cortex slices of about 50,umol/h per g dry wt. of kidney.
3-Mercaptopicolinic acid, an inhibitor of phosphoenolpyruvate carboxykinase, inhibited glucose synthesis from lactate by 96%, significantly decreased the rate of lactate uptake, but did not significantly limit the observed rate of decrease in specific radioactivity of lactate (Table 3 ). The calculated rate of formation of unlabelled lactate in the presence of 3-mercaptopicolinate was 94 + 10.6,umol/h per g dry wt., not significantly less than the control. It is unlikely therefore that the observed change in specific radioactivity of lactate involved the cycling of carbon through phosphoenolpyruvate. Addition of oleate (1 mM) did not alter the rate of glucose synthesis from lactate, nor did it alter the decrease in specific radioactivity of lactate. The rate of formation of unlabelled lactate in the presence of oleate (124 ± 24,mol/h per g dry wt.) was thus not significantly different from that observed with lactate alone. Furthermore the addition of 3-mercaptopicolinate in the presence of oleate suppressed glucose synthesis, but failed to affect the rate of decrease of lactate specific radioactivity. These experiments may be taken to indicate that oleate carbon fails to enter lactate pools under the conditions of the present experiment. Addition of oleate caused only a slight decrease in the specific radioactivity of the glucose synthesized. (Table 3) , but the rate of lactate oxidation fell from 314 to 242,umol/h per g dry wt., in tubules from fed rats (P < 0.05). Effect of exogenous substrates on the formation of unlabelled lactate
In an attempt to enhance dilution of the lactate radioactivity, substrates were added that might be expected to form lactate. In a series of experiments with unlabelled precursors, the rate of lactate accumulation was extremely low: from malate, fumarate, dihydroxyacetone and aspartate (2mm in each case) the rate was less than lOumol of lactate/h per g dry wt., and from 5 mM-glucose the rate of lactate accumulation was 16 + 4,umol/h per g dry wt. (S.E.M., n = 3) in tubules from fed rats, and only 3-6,umol/h per g dry wt. in tubules from starved rats. But this does not exclude the formation of lactate with its subsequent re-utilization. Thus, under anaerobic conditions, in the presence of I mM-KCN and 5 mM-glucose. lactate accumulated at the rate of 217+ 14 (S.E.M., n = 4),umol/h per g dry wt.
To show this directly, unlabelled substrates were added in the presence of ['4Cllactate . When 2mm-sodium fumarate was added, the expected en-hancement occurred; glucose synthesis was more than doubled and the specific radioactivity of the glucose formed was decreased to about one-third of the control value (Table 4) . The specific radioactivity of the lactate pool fell, so that the calculated rate of addition of unlabelled lactate to the pool was almost doubled (122 increased to 219,mol/h per g dry wt.). The results from six experiments with lactate alone, with added fumarate (2mM) or with 3-mercaptopicolinate (0.5 mM) show that the increase in formation of unlabelled lactate was significant when fumarate was added (P < 0.005; Table  5 ). The decrease in specific radioactivity of lactate was not prevented by the further addition of 3-mercaptopicolinate (0.5 mM) sufficient to inhibit glucose synthesis by over 90% (Tables 4 and 5 ).
In contrast, malate (2mM) and aspartate (2mM) produced no change in lactate specific radioactivity when added to tubules incubated with [14C]lactate (P> 0.1 in both series). Thus, no extra lactate formation was observed with these two substrates, despite the fact that both were actively metabolized.
This was indicated by the extra glucose formed and by the very marked decrease in glucose specific radioactivity (Table 4) . Indeed, the rate of lactate removal was significantly stimulated by addition of 2 mM-aspartate.
The mechanism of this effect is not clear. The increase in gluconeogenesis caused by aspartate may be due to the provision of aspartate for the malate-aspartate shuttle. But this is probably not the only effect. A consequence of the addition of aspartate was that the final concentration of lactate was lower in incubations with lactate + aspartate than with lactate alone. An equivalent rate of addition of unlabelled lactate therefore resulted in a greater decrease (23.3%) in lactate specific radioactivity; this is not indicative of any change in the rate of recycling of lactate in the presence of aspartate. Inhibition of glucose formation from malate or aspartate by adding 3-mercaptopicolinate did not significantly alter the rate of formation of unlabelled lactate (Table 4) .
Determination of pyruvate kinase activity in renal tubules
The failure to form lactate under conditions in which phosphoenolpyruvate is so readily formed could be due to inactivity of pyruvate kinase under the test conditions. Pyruvate kinase was determined directly in isolated tubules prepared from kidneys of fed and starved rats (Table 6 ) and found to be present in both fed and starved animals; the total activity of 2500 and 3200,umol/h per g dry wt.
respectively was more than 20 times higher than the calculated rate of lactate formation. decarboxylase, has been described in kidney (Bennett & Alleyne, 1978) . Kidneys of fed rats were homogenized in 0.25 M-sucrose and mitochondrial and supernatant fractions were prepared by centrifugation. Both malic enzyme and oxaloacetate decarboxylase activities were present; 'malic' enzyme was predominantly in the supernatant fraction, while oxaloacetate decarboxylase predominanted in the mitochondrial fraction. Of significance for the special role of fumarate, fumarase was 3-fold more active in the mitochondrial fraction than in the cytosol (Table 7) . (Newsholme & Start, 1973) it would be expected to occur at a substantial rate; Rognstad & Alternative sources of lactate in well-fed-rat kidney cortex The finding that 3-mercaptopicolinate fails to prevent lactate formation in well-fed animals means that an alternative pathway, probably from oxaloacetate to lactate, exists in kidney cortex. The possibilities are either oxaloacetate decarboxylase or 'malic' enzyme. The former is the more likely one since it is largely mitochondrial (Wojtczak & Walajtys, 1974 , and the present paper) and requires no NADP. However, this enzyme has a high Km for oxaloacetate (0.1-0.5 mm, according to Dean & Bartley, 1973) . The one substrate that enhanced lactate production in kidney cortex, fumarate, may be expected to generate high concentrations of oxaloacetate in the mitochondria. Fumarase is present at a considerably higher concentration in the mitochondria than in the cytosol (see Table 7 ).
The failure of malate and aspartate to form lactate may at first sight appear surprising, since both substrates formed substantial amounts of glucose and hence may be expected to dilute both oxaloacetate and phosphoenolpyruvate pools. However, from the above considerations, it will be seen that recycling of lactate occurs in the kidney of fed rats by a route that does not involve phosphoenolpyruvate carboxykinase. For cycling to occur it seems probable that a high concentration of oxaloacetate must arise in the mitochondrion. Malate, because of the high activity of malate dehydrogenase in the cytosol, forms oxaloacetate outside the mitochondrion with the subsequent formation of glucose. Aspartate also forms predominantly extramitochondrial oxaloacetate with glucose synthesis, with the result that no dilution of the lactate specific radioactivity occurs (Fig. 2) .
While this work was in progress, Rognstad (1979) suggested that the pathway of recycling of carbon via oxaloacetate decarboxylase may also be active in rat hepatocytes metabolizing high concentrations of pyruvate.
Further work is required to clarify the properties of an intramitochondrial oxaloacetate decarboxylase in kidney and to explain why it is inactive in the kidney of starved rats.
